The labdane-related diterpenoid, momilactone B has potent growth inhibitory activity and was demonstrated to play a particularly critical role in the allelopathy of rice (Oryza sativa L.). However, there is limited information available about the mode of action of momilactone B on the growth inhibition. The present research describes the effects of momilactone B on protein expression in the early development of Arabidopsis thaliana seedling, which was determined by two-dimensional electrophoresis and MALDI-TOFMS. Momilactone B inhibited the accumulation of subtilisin-like serine protease, amyrin synthase LUP2, β-glucosidase and malate synthase at 1 h after the momilactone application. Those proteins are involved in the metabolic turnover and the production of intermediates needed for cell structures resulting in plant growth and development. Momilactone B also inhibited the breakdown of cruciferin 2, which is essential for seed germination and seedling growth to construct cell structures. Momilactone B induced the accumulation of translationally controlled tumor protein, glutathione S-transferase and 1-cysteine peroxiredoxin 1. These proteins are involved in stress responses and increased stress tolerance. In addition, glutathione S-transferase has the activity of herbicide detoxification and 1-cysteine peroxiredoxin 1 has inhibitory activity for seed germination under unfavorable conditions. The present research suggests that momilactone B may inhibit the seedling growth by the inhibition of the metabolic turnover and the production of intermediates for cell structures. In addition, momilactone induced proteins associated with plant defense responses.
The first observation of rice allelopathy came from field examinations in Arkansas, U.S.A. in which 191 of 5,000 rice accessions inhibited the growth of the weed, Heteranthera limosa [1] . This finding led to a large field screening program and laboratory experiments in many countries, and demonstrated that many rice varieties are allelopathic and release allelochemical(s) into their rhizosphere soils [2] [3] [4] [5] . Many compounds, such as fatty acids, phenolic acids, hydroxamic acids, indoles and terpenes, have been identified as potential rice allelochemicals [6, 7] . However, the labdane-related diterpenoid momilactone B was demonstrated to play a particularly critical role in rice allelopathy [8] .
Allelopathic rice plants secrete momilactone B from their roots at phytotoxic levels into the neighboring environments over their entire life cycle [9, 10] . Considering the growth inhibitory activity and secretion level from rice, momilactone B accounted for the majority of the observed rice allelopathy [11] . In addition, a momilactone deficient mutant of allelopathic rice lost its allelopathic activity [12] , demonstrating that momilactone acts as a rice allelochemical. However, there is limited information available about the mode of action of momilactone B on rice allelopathy. This study focused on the understanding of the effects of momilactone B on the protein expression in the model plant species, Arabidopsis. Momilactone B sensitive proteins in the early development process of Arabidopsis seedling were identified.
Momilactone B inhibited accumulation of four proteins, subtilisinlike serine protease, amyrin synthase LUP2, β-glucosidase and malate synthase, and induced accumulation of four proteins, cruciferin 2, translationally controlled tumor protein, glutathione S-transferase and 1-cys peroxiredoxin 1 ( Figure 1 , Table 1 ).
Subtilisin-like serine protease is one of the endopeptidase family of proteins. The protein family is necessary for protein turnover, strict protein quality control, and degrading specific sets of proteins, and plays roles in the metabolic process resulting in plant growth and development [13, 14] .
Amyrin synthase LUP2 enzyme is involved in the sterol and triterpenoid biosynthetic process in Arabidopsis [15, 16] , which may contribute to the growth and development of the plants.
β-Glucosidase catalyzes the hydrolysis of terminal non-reducing residues in β-D-glucosides with release of glucose, and is one of the cellulases, which decomposes cellulose and related polysaccharides. Gibberellin controls the abundance of β-glucosidase, and β-glucosidase is involved in the embryo cell wall loosening needed for cell elongation and radicle extension in Arabidopsis [17] .
Malate synthase belongs to the family of acyltransferases and is a key enzyme in the glyoxylate cycle, which bypasses the decarboxylation steps of the TCA cycle. The mRNA level and enzyme activity of malate synthase increased rapidly until 48 h after the onset of seed germination of Arabidopsis, and declined thereafter either to undetectable levels or low basal levels [18, 19] . Therefore, the glyoxylate cycle may play an important role in Arabidopsis germination and seedling establishment.
Cruciferin 2 belongs to the cruciferin protein family and accumulated during seed maturation [20, 21] . Cruciferin is broken down during germination as an initial source of nitrogen for seedling development [22] . Thus, the breakdown of cruciferin is an essential step for seed germination. Abscisic acid stimulates the expression of cruciferin mRNA levels and induces cruciferin accumulation during seed maturation [23, 24] . The function of abscisic acid is intimately associated with seed dormancy [25, 26] . Cruciferin accumulation by momilactone was also found by onedimensional electrophoresis [27] .
Translationally controlled tumor protein is ubiquitously expressed in all eukaryotes and is one of the highly conserved proteins. The protein is an important component of the signaling pathway of rapamycin and also involved in many different cellular processes during several stress conditions in animals and fungi [28] . Although information on the protein function in plants is limited, the levels of transcript and the protein in plants were also increased by various stress conditions, such as oxidative, salt and drought, and insect attack stresses [29] [30] [31] .
Glutathione S-transferase is also the enzyme involved in defense responses against salt, oxidative and drought stresses [32, 33] . In addition, the enzyme acts in the detoxification process of herbicides [34] .
1-Cysteine peroxiredoxin 1 is an antioxidative enzyme that catalyzes the reduction of alkyl hydroperoxides to alcohols and hydrogen peroxide to water. Although the enzyme has been identified as a seed dormancy-maintenance protein, the enzyme has functions not only to relieve oxidative stresses but also as molecular chaperones under severe stress conditions during seed germination and plant development [35, 36] . The enzyme also inhibited Arabidopsis seed germination under unfavorable conditions [37] .
Momilactone inhibited proteins, subtilisin-like serine protease, amyrin synthase LUP2, β-glucosidase and malate synthase, are involved in the metabolic turnover and production of intermediates for cell structures resulting in plant growth and development, as described above. Momilactone B also inhibited the breakdown of cruciferin 2, which is essential for seed germination and early seedling growth to maintain the nitrogen supply [22] . Momilactone induced proteins, translationally controlled tumor protein, glutathione S-transferase and 1-cysteine peroxiredoxin 1, are involved in stress responses and increase stress tolerance of plants.
In addition, glutathione S-transferase has herbicide detoxification activity [34] , and 1-cysteine peroxiredoxin 1 has seed germination inhibitory activity under unfavorable conditions [37] .
Momilactone B contributes to the majority of the observed allelopathic activity of rice [38] and has growth inhibitory activity against several plant species, including one of the most noxious weeds in rice cultivation, Echinochloa crus-galli (L.) Beauv. at concentrations greater than 1 μM [11, 39] . Momilactone B also inhibited the growth of Arabidopsis seedlings at concentrations greater than 1 μM. The concentration required for 50% growth inhibition was 6.5 and 12 μM for Arabidopsis roots and hypocotyls, respectively [40] . The present research suggests that momilactone B may inhibit seedling growth by the inhibition of the metabolic turnover and the production of intermediates for cell structures.
Jasmonic acid is a plant defense signaling hormone and activates the defense responses against several stress conditions and pathogen infections [41] [42] [43] [44] . Jasmonic acid also increased rice allelopathic activity [45] , and the production and secretion of momilactone B from rice plants [46] . As momilactone B acts as a phytoalexin [47, 48] , the induction of momilactone by jasmonic acid may be associated with plant defense response. In fact, infection of rice with the fungal blast pathogen Magnaporthe oryzae induced momilactone production with a greater accumulation of momilactone [49] . Several stress conditions such as UV-irradiation and heavy ions and nutrient deficiency also increased the production of momilactone in rice plants [38, 50] . Nutrient deficiency stress is often caused by competition with plants. In the present research, momilactone increased accumulation of the proteins involved in
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Experimental

Isolation of momilactone B:
Momilactone B was isolated from husks of rice (Oryza sativa L. cv. Koshihikari) and identified from 1 H-and 13 C-NMR spectra, as described by Kato-Noguchi [51, 52] .
Momilactone B treatment:
Seeds of Arabidopsis thaliana (L.) ecotype Columbia were surface sterilized in a 2%, w/v. solution of sodium hypochlorite for 15 min and rinsed 4 times in distilled water. The seeds were incubated on 2 sheets of moist filter paper (No 1; Toyo Ltd., Tokyo) at 4C for 3 days to break seed dormancy, followed by incubation at 22C with a 12-h photoperiod for another one day. Momilatone B was dissolved in methanol, added to 2 sheets of filter paper (No. 2) in a 6-cm Petri dish. Methanol was subsequently evaporated and the filter paper in the Petri dishes was moistened with 3 mL of a 0.05%, v/v, aqueous solution of Tween 20. The final concentrations of momilactone B was 100 μM. Arabidopsis seedlings having roots of 1 mm in length were then transferred to the Petri dish. After incubation in darkness for 1 h at 22C, the seedlings were harvested and frozen immediately in liquid nitrogen and stored at -80C for protein analysis.
Protein extraction and two-dimensional electrophoresis:
The frozen Arabidopsis seedlings were powdered in liquid nitrogen and homogenized with ice-cold solution containing 10 mM Tris-HCl (pH 8.1), 0.5%, w/v, SDS, 0.3%, v/v, Triton X-100, protein inhibitor cocktail (EDTA free, Nakarai Co., Kyoto, Japan), 6.3 units/mL DNare I and 0.5 units/mL RNase, and 2M DTT. The homogenate stood for 20 min at 4C and was then centrifuged for 20 min at 12,000 x g. Centrifugation was repeated 2 times. The proteins in the supernatant were precipitated by adding 4 volumes of ice-cold TCA/acetone at 4C for 45 min, and centrifuged for 20 min at 12,000 x g. The pellets were dissolved in rehydration buffer ( [53] . Preparative gels were stained with Oriole gel stain solution (Bio-Rad). At least 3 replicates were performed for each sample.
Identification of proteins by MALDI-TOFMS:
The gels were scanned using ImageJ (1.44 bundled with 32-bit Java). Only protein spots which had differences in at least three integrated density between the gels of the control and momilactone B treated Arabidopsis were excised from the preparative gels. Those protein spots were de-stained twice with 50 mM NH 4 HCO 3 in 50%, v/v, methanol, and three times with 50 mM NH 4 HCO 3 in 50%, v/v, acetonitrile, and dried twice with acetonitrile. The proteins were then digested overnight at 37C with sequencing grade modified trypsin (Promega) in 50 mM NH 4 HCO 3 and the peptide was extracted with 0.1%, v/v, TFA. The molecular weights of the peptides were determined by MALDI-TOFMS (ultrafleXtreme; Bruker Daltonics, TX, USA) according to the manufacturer's instructions and data were analyzed using Mascot software (Matrix science, London).
